. (2018) FTIR measurement of cellulose microfibril angle in historic Scots pine wood and its use to detect fungal decay. Studies in Conservation, 63(6), pp. 375-382. (doi:10.1080Conservation, 63(6), pp. 375-382. (doi:10. /00393630.2017 This is the author's final accepted version.
Introduction
It can be difficult to reconcile the need to ensure the structural integrity of historic buildings that are open to the public with the authenticity of these monuments as parts of our heritage. Typically, although strong enough to have survived until the present day, historic buildings were not designed according to modern engineering criteria. Timber buildings, and timber structures within buildings, present particular difficulties because each structural member withstands a wider range of mechanical stresses than brick or stone, may flex to a degree that makes computational mechanics challenging (Hume, 2007) , and may periodically need repairs that combine the restoration of loadbearing capacity with respect for the original structure (Hume, 2007; Norris, 2007) .
Timber is quite well understood as a modern building material, and information on the mechanical performance and durability of major timber species is generally accessible (Van Acker et al., 2003; Wegst & Ashby, 2004) . It has usually been assumed that these properties do not change with time unless the timber is attacked by insect pests or fungi. The two most important factors connecting the mechanical properties of timber with its molecular and anatomical structure are wood density and the orientation of the cellulose fibres in the secondary cell wall, commonly called the microfibril angle or MFA (Lachenbruch et al., 2010; Lichtenegger et al., 1999) .
The stiffness and strength of wood are approximately proportional to its density, which depends on the mean thickness of its cell walls (Kostiainen et al., 2009 ). Each wood cell wall has a layered structure. The outermost layer is known as the primary cell wall, and contains less cellulose and more lignin than the other layers (Burgert et al., 2006) . On the inside of the primary wall are three secondary wall layers denoted S1, S2 and S3. In the thin S1 layer the cellulose microfibrils are orientated at a large angle to the grain, around 60°-80° (Donaldson, 2008) .The S2 layer, typically between 1 and 10 μm thick, accounts for about 80% of the cell-wall thickness, mass and mechanical strength. Its microfibrils are laid down in a helical pattern at an angle that in softwoods is usually 10°-30° to the grain (Barnett & Bonham, 2004; Donaldson, 2008) , which gives the wood greater mechanical strength and stiffness along the grain (Hein & Brancheriau, 2011) . The innermost, S3 layer of the cell is thin, with cellulose microfibrils at an angle of 60°-90° to the grain (Barnett & Bonham, 2004) .
The microfibril angle (MFA) of a wood cell is usually defined as the angle between the cellulose microfibrils in the S2 layer and the grain (Barnett & Bonham, 2004; Donaldson, 2008) . The S2 layer is the prime determinant of the longitudinal strength and stiffness of the wood because it is much thicker, and has lower MFA, than the other layers (Barnett & Bonham, 2004; Donaldson, 2008; Khalili et al., 2001) . MFA can be measured by a variety of destructive optical and X-ray methods (Auty et al., 2013; Barnett & Bonham, 2004; Evans & Ilic, 2001; Long et al., 2000) . The most detailed measurements are obtained by X-ray diffractometery, for example by using the Silviscan-3 instrument (Innventia AB, Stockholm) which can also measure wood density at sub-ring spatial resolution (Evans & Ilic, 2001; Long et al., 2000) .Reported values of MFA are dependent on the measurement method, and what is measured differs in some cases from the accepted definition. While some microscopy-based methods do record the angle in the S2 layer (Khalili et al., 2001 ), Xray methods record the orientation distribution over the whole thickness of the cell wall, from which the calculation of a single figure is quite complex (Evans & Ilic, 2001) . Birefringence or spectroscopic methods like polarized Fourier transform infrared (FTIR) spectroscopy derive a single, integrated figure from the whole orientation distribution in all the cell-wall layers (Leonardon et al., 2010) . The domination of the cell-wall thickness by the S2 layer means that differences in MFA values obtained using different methods are normally small.
In Scots pine (Pinus sylvestris L.) and other softwood species, there is characteristic variation in wood properties from the centre of the tree to the outside, corresponding to increasing age of the tree at the time when the wood was laid down. The width of the annual rings and the MFA decrease and the density increases with distance from the centre, so that the mechanical properties of sound wood increase towards the outside of the tree (Auty et al., 2014; Auty et al., 2013) . The sapwood at the outside, however, is generally more susceptible to biological decay (Meyer & Brischke, 2015) .
Density is reduced when wood is attacked by insect pests (Curling et al., 2002; Sousa et al., 2014; Unger et al., 2001) . Amongst wood-rotting fungi, the most common brown rots preferentially attack the S2 layer of the wood cell wall, which has lower lignin content and MFA than the other layers (Liese, 1970; Pandey & Pitman, 2004) . Loss of cellulose from the S2 layer would therefore be expected to increase the mean microfibril angle of the affected wood, when measured by any method that derives the MFA from the whole orientation distribution of all layers of the cell wall. This principle could potentially be used to detect fungal decay in a way directly connected to the resulting loss of mechanical integrity. Wood density can either be calculated using measurements of volume and mass, or measured by X-ray densitometry at the spatial resolution needed to record the density variation across annual rings (Evans & Ilic, 2001 ).
Due to the high cost of measuring MFA by X-ray diffraction (e.g. using Silviscan-3), simpler methods for measuring MFA are preferred when lower spatial resolution is required. Polarised FTIR microscopy, which can be performed on thin sections of wood (Faix et al., 1992; Krauss & Kudela, 2011) can detect variation in MFA at low cost, but has not previously been calibrated for quantitative use.
The aims of this study were to calibrate the FTIR measurement of MFA in 16 th and 17 th Century Scots pine and to investigate the effects of pest and fungal decay. A simple method of measuring MFA in the very small samples that are normally available from historic structures would facilitate the structural assessment of these structures and the choice of modern timber matching the properties of components in need of replacement.
Historic and Modern Wood Samples
Sixteenth and Seventeenth Century samples of Scots pine were obtained from the beam ends of painted ceilings in three Scottish buildings. Details of the history of these three buildings and of the dendrochronological examination of the same beam ends are given by Crone et al. (2017) . The Abbey Strand Sanctuary is a three storey building in Edinburgh dating to the late 16th / early 17th century (Historic Scotland, 2012) . The Bay Horse Inn in Dysart, Fife is a compact two story domestic building which is dated to 1583. Its painted ceilings have a dendrochronological date in the 16th century (Crone et al. 2017) . Carnock house was originally a simple rectangular building with two stair towers, built in 1548 by Robert Drummond (Canmore, 2013) . Its painted ceiling has been dendrochronologically dated to 1588-1589 (Crone et al. 2017) . A total of six Scots pine beams from these buildings were examined. At the time when these buildings were constructed the pinewoods of the Scottish Highlands were exploited predominantly for local use and Scots pine for buildings constructed in lowland Scotland was mostly imported from Scandinavia; a detailed description of trade routes is given by .
Many, but not all of the historic samples had visible signs of insect pest damage, restricted to the sapwood that was located mainly at the corners of the beams.
Modern Scots pine samples for the calibration of the MFA measurements were obtained from four commercial plantations in Scotland and processed as described by Auty et al (2013) . Modern samples for comparison of density were obtained commercially, originating from similar plantations in Northeast Scotland.
Experimental Procedures

Ring width
Annual ring width measurements had already been measured on the calibration samples, based on Xray densitometry (Auty et al., 2013) . Ring widths were measured optically on the historic samples.
Density
Volumetric wood density measurements for the historic pine were taken on 5 mm cubic samples, which were cut in radial series from the edge of each beam nearest the pith to the sapwood edge. Longitudinal-radial sections of nominal thickness 19 m were cut from these cubes, and from the 2-mm-thick strips on the Silviscan-3 calibration samples (Auty et al., 2013) .
The density of the historic samples was measured after drying for 4 h at 110°C and cooling in a dry, sealed chamber. The 5 mm cubes were weighed (nearest 0.1 mg) and measured in each dimension with digital callipers (nearest 0.01 mm).
Polarised FTIR microscopy of thin sections
Before cutting sections the cubes were soaked for 12 h in water to soften the wood (Faix et al., 1992) . Axial-tangential sections 19 m thick were then cut from the blocks using a Leica RM2255 microtome (Leica Biosystems, 69226 Nussloch, Germany) with a steel blade (Fackler & Schwanninger, 2012) . FTIR spectra were recorded from 100 m square fields of the thin sections on a Nicolet Nexxus spectrometer with a Nicolet Continuum microscope attachment (Fisher Scientific UK Ltd, Loughborough, UK) fitted with a ZnSe infrared polariser, as described by Leonardon et al. (2010) . The spectra were exported as .csv files into Microsoft Excel and baseline-corrected using a segmented baseline with linear segments joining the minima at 918, 1136, 1538, 1810, 2635, 3003 and 3764 cm -1 as described by Altaner et al. (2014) .
The FTIR spectrum of wood contains a number of peaks whose intensity is affected by the direction of polarisation of the incident radiation. Since the spectra were recorded in absorbance mode, peak areas were determined by integration. The welldefined 1162 cm -1 peak (Figure 1 ), assignable to stretching of the linkage between successive glucose molecules in the cellulose chain, has a high dichroic ratio (the intensity with parallel polarisation / the intensity with transverse polarisation) and its dichroism has been used qualitatively to estimate the orientation of cellulose (Chang et al., 2014; Schmidt et al., 2006; Stevanic & Salme, 2009) . Here the dichroic ratio of the 1162 cm -1 peak was used as a measure of MFA. The ratio of the absorbances of the 1162 cm -1 peak in the parallel and transversely polarised spectra is the dichroic ratio for this peak, which is assigned to stretching of the linkages between glucose units in the cellulose chain.
For quantitative work it is necessary to ensure that FTIR spectra are not saturated due to excessive sample thickness. A real sample thickness of 19 m would certainly lead to saturated spectra but in longitudinal-radial sections, since the sections are less than one cell thick the actual thickness is that of the cell wall. This gave satisfactory, nonsaturated absorbances of <1 in the fingerprint region from most of the sections but some spectra from high-density latewood, which has thicker cell walls, were excluded from the calibration due to saturation. Before averaging, the spectra were normalised to equalise the intensity of the 1508 cm -1 lignin peak, which had equal absorbance in the parallel and transversely polarised spectra, to avoid increased weighting from sections with higher overall absorbance.
Polarised FTIR spectra were collected from five replicate sections from each of the calibration samples, at 0.5 mm intervals along four separate radial paths. The total number of spectra in the calibration set was approximately 4000. The dichroic ratio of the 1162 cm -1 peak was averaged between 1153 cm -1 and 1169 cm -1 after baseline correction. The dichroic ratios were then sorted according to ring number and averaged for each annual ring for comparison with the MFA data measured by X-ray diffractometry on the same sample strips (Auty et al., 2013) From each of the six historic beam ends, three 5 mm cubes were prepared from the inner heartwood nearest the pith, the outer heartwood and the sapwood. Microtome sections were cut from the radial-longitudinal face of each cube and FTIR spectra with longitudinal and transverse polarisation were collected at 0.5 mm intervals along four replicate radial paths in each section. Thus approximately 40 pairs of polarised spectra were obtained for each cube and the total number of spectra was comparable with the calibration set.
Results
Ring width.
The historic samples all had much narrower rings than are found in modern plantation-grown Scots pine (Figure 2) indicating slower radial growth, as would be expected in a semi-natural forest environment (Chang et al., 2014) , and it would be quite difficult to source wood with a similarly slow growth rate today. It might therefore be expected that the density of the historic material would be higher and its microfibril angle lower, leading to higher stiffness (Barnett & Bonham, 2004) . Density and microfibril angle were measured to test this hypothesis. 
Density
Scots pine wood density has a distinctive pattern of radial variation, starting with relatively low values close to the pith, and rapidly increasing before reaching stable values in the mature wood (Auty et al., 2013) . Most of the historic samples showed density profiles corresponding to this pattern but where the sapwood contained pest holes there was a reduction in density at the sapwood edge ( Figure  3 ).
There was considerable tree-to-tree variation in the density of the historic samples. The mean density of the historic samples was lower than that of the modern samples used for comparison (t-test, P<0.001). However, when heartwood samples only were compared, no significant differences were found, indicating that differences in density between the historic and modern samples were due to the visible loss of mass in the decayed sapwood of the historic samples.
Microfibril angle: calibration of polarised FTIR method against Silviscan-3 X-ray diffraction measurements on modern Scots pine
Figure 4: Calibration plot of the dichroic ratio (peak area longitudinal / peak area transverse) for the 1162 cm -1 peak in the polarised FTIR spectrum against the microfibril angle (MFA) in degrees, obtained by X-ray diffraction. The calibration of the polarised FTIR procedure covers MFA values ranging from 10° to 30° as measured by X-ray diffraction (Figure 4 ) and was fitted with a simple linear relationship with an R 2 value of 0.60 based on annual ring averages (P < 0.001). Although in theory a degree of nonlinearity might be expected (Cowdrey & Preston, 1966) , this would probably become more evident if the calibration were extended to include lower MFA values.
MFA in historic Scots pine
Figure 5B shows boxplots of mean cellulose orientation in the six historic Scots pine samples, obtained from the polarised FTIR spectra calibrated against the modern samples analysed by X-ray diffractometry. One heartwood sample had a mean dichroic ratio beyond the calibration range and its inclusion required the assumption that the calibration range can be extrapolated linearly when MFA < 10°. One-way analysis of variance (ANOVA) showed a significant effect of radial position (inner heartwood at the end closest to, and in some samples including, the pith; outer heartwood and sapwood) on cellulose orientation for the whole data set (P< 0.001). Multiple comparison tests for least significant differences using both Tukey and Fisher criteria showed that each radial position was significantly different from the others for the whole historic sample set. The less axial cellulose orientation (resembling an increase in MFA) in the sapwood was statistically significant (P< 0.05) in four of the six individual sapwood samples tested.
Estimation of wood stiffness from microfibril angle and density
In theory, approximate values of wood stiffness can be predicted from the density and MFA of clear (knot-free and un-decayed) wood. Previously, a simple equation of the form MOE = k1 (D/MFA) + k2, where MOE is the modulus of elasticity and k1 and k2 are constants, has been used (Hein et al., 2013) to estimate the longitudinal MOE from MFA and density (D). A more complex approach is used in the Silviscan-3 software to calculate MOE directly from the X-ray density and diffraction patterns (Evans & Ilic, 2001) . Plotting D/MFA against MOE for the calibration set gave a linear relationship (R 2 = 0.92) with k1 = 0.30 and k2 = 2.22, allowing estimates of the average stiffness of the historic samples from the gravimetric density and the MFA measured by FTIR. These estimates ranged from 6 Gigapascals (GPa) close to the pith, up to 13 GPa in the heartwood. The heartwood sample with MFA below the lower limit of the calibration range was excluded here because low MFA, in the denominator, has an excessive influence on the D/MFA ratio. Predicting the MOE of the sapwood in this way would not meaningful due to the selective loss through decay of the S2 layer of the cell wall.
Discussion
The ring width measurements showed that the historic pine samples were much slower-grown than typical modern timber. Nevertheless, the density and MFA values recorded in the heartwood of the historic pine beams were not exceptionally different from those in the modern samples and could be used together to predict elastic moduli within the range obtainable today in commercially available Scots pine (Auty & Achim, 2008) , on the assumption that there had been no reduction in stiffness in the historic pine samples over time. This assumption is tested in the accompanying manuscript (Hudson-Macaulay and Jarvis, submitted).
In Scots pine, density generally increases with distance from the centre of the tree, levelling off around annual ring 20-30 (e.g. Auty et al. (2014) ). Temporary decreases in density can be associated with periods of faster radial growth that produce wider annual rings (Auty et al., 2014) , for example after thinning. In this study, the decrease in sapwood density in the historic Scots pine samples is unlikely to be attributable to such temporary causes because it was observed in a range of samples of different ages. The most likely cause of the decreased density in the sapwood, therefore, was the visible decay with which it was associated. Pest holes obviously decrease the density of wood but fungi are also likely to cause a decrease in density by degrading and metabolising the carbohydrate polymers (Enoki et al., 1988; Hastrup et al., 2012) . Both forms of decay may therefore have contributed to the loss of density, but their relative contributions cannot be determined from the density measurements alone.
Microfibril angle in Scots pine is typically high at the centre of the tree, falls with distance from the centre until about annual ring 20, and then remains approximately constant. Illustrating this typical pattern, Figure 5A is derived from the calibration X-ray data set (Auty et al., 2013) reorganised to match the sampling of the historic material. In contrast the historic samples showed a large increase in axial cellulose orientation in the sapwood ( Figure 5B ) which was significant in four of the six historic samples tested. A local increase in MFA can be associated with wide annual rings (Auty et al., 2013) but the observed increase in axial cellulose orientation in the sapwood, atypical for Scots pine, is unlikely to be a local effect of rapid growth since there was no evidence of increased ring width in the sapwood (Figure 2 ).
There is no evident reason for the orientations of individual microfibrils to change over time after the tree is felled, or as a result of pest damage or fungal decay. However selective destruction of the S2 layer of the wood cell walls by fungi would be expected to increase the mean angle between the microfibrils and the grain direction, because the remaining, more resistant cell-wall layers all have their cellulose microfibrils orientated at a greater angle to the grain. The polarised FTIR data reported here are consistent with that explanation.
Strictly, the resulting microfibril orientation does not correspond to the microfibril angle when that is defined as the angle of the microfibrils in the S2 layer of the cell wall. However all layers of the cell wall contribute to the infrared dichroic ratio measured here, to the diffraction patterns from which the X-ray estimate of MFA is derived and to the mechanical properties of the wood (Wagner et al., 2014) . No such effect on MFA would be expected from pest damage because pest holes are created by the destruction of all layers of the wood cell wall.
The selective detection of fungal decay in this way has the advantage that the cellulose orientation measured is directly connected with the mechanical performance of the wood. The selective loss of the well-oriented cellulose in the S2 layer implies a greater reduction in stiffness and strength than would be expected from lower density alone, and might also imply altered anisotropic shrinkage (Harris & Meylan, 1965) in the changing humidity of historic outdoor structures. Even combining the negative effects of reduced density and less axiallyoriented cellulose, the loss of stiffness would still be underestimated, as fungal decay also depolymerises the cellulose and other polymers that remain (Wagner et al., 2014) .
Conclusions
When correctly calibrated, polarised FTIR microscopy can be used to measure the orientation of cellulose fibres in small samples of historic wood. These measurements, in conjunction with simple measurements of density or with densitometric measurements made for the purpose of paleoclimate reconstruction (Wilson et al. 2012) , can be used to infer details of how the growth environment of the wood might have influenced its mechanical properties. Polarised FTIR measurement of cellulose orientation might also be used to provide a sensitive method of detecting when wood has been weakened by fungal decay.
